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How the crowded environment inside cells affects the structures of
proteins with aspherical shapes is a vital question because many
proteins and protein—protein complexes in vivo adopt anisotropic
shapes. Here we address this question by combining computa-
tional and experimental studies of a football-shaped protein (i.e.,
Borrelia burgdorferi VISE) in crowded, cell-like conditions. The
results show that macromolecular crowding affects protein-folding
dynamics as well as overall protein shape. In crowded milieus,
distinct conformational changes in VISE are accompanied by sec-
ondary structure alterations that lead to exposure of a hidden
antigenic region. Our work demonstrates the malleability of “na-
tive” proteins and implies that crowding-induced shape changes
may be important for protein function and malfunction in vivo.

energy landscape theory | excluded volume effect | Lyme disease |
macromolecular crowding | off-lattice model

he concentration of macromolecules inside cells is in the

range of 80—400 mg/ml (1, 2), which corresponds to a volume
occupancy of 5-40% (3). In such a crowded environment, the
average spacing between macromolecules is much smaller than
the size of the macromolecules themselves; therefore, any reac-
tions that depend on available volume will be stimulated by
macromolecular crowding effects (4, 5). Experimental and the-
oretical work has demonstrated strong effects of macromolec-
ular crowding on thermodynamics and kinetics of many biolog-
ical processes (1, 6-8). It has been established that the major
result of macromolecular crowding is a stabilizing effect on the
folded state of the protein due mostly to unfavorable effects on
the unfolded-state ensemble (5, 9, 10). However, to identify the
functional forms of proteins in cell-like conditions, the ability of
macromolecular crowding to induce protein structural changes
must be tested.

Combining in vitro and in silico methods, here we provide a
description of how macromolecular crowding modulates struc-
tural changes in an aspherical protein. We propose the concept
of protein-shape changes in cell-like environments as an amend-
ment to the current framework of how macromolecular crowding
affects protein properties. Using a protein model, we first
present experimental results demonstrating that folding kinetics
is enhanced in cell-like conditions in vitro, as predicted. Next,
spectroscopic observations point to dramatic structural changes
in the native protein at crowded conditions. Finally, to illustrate
these phenomenological changes in the protein induced by
macromolecular crowding with near all-atomistic detail, we
implement molecular simulations and physics models.

Borrelia burgdorferi VISE was selected as our model system for
several reasons. First, it is an aspherical protein with marginal
stability: It is best described as having an elongated football
shape with a helical core surrounded by floppy loops at each end
(11). Second, it unfolds reversibly in vitro in two-state (folded-
unfolded) equilibrium and kinetic reactions (12, 13). Third, VISE
is proposed to be an important virulence factor upon mammalian
infection. The B. burgdorferi spirochete is the causative bacteria
of Lyme disease, a tick-born infection that is epidemic to regions
of the U.S., Europe, and Asia. A specific diagnostic test for Lyme
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disease was derived from a 26-residue peptide region in VISE
named IR¢ (14). Surprisingly, for an immunodominant B cell
epitope, this segment is hidden in the hydrophobic core of the
VISE crystal structure (11).

Results and Discussion

Low Levels of Crowding Affect Stability and Folding Speed of VIsE.
Spectroscopic methods, fluorescence and far-UV CD, were used
to monitor urea-induced unfolding of purified VISE in the
presence of Ficoll 70 (pH 7, 20°C) (Fig. 14). Ficoll 70 is a
common macromolecular crowding agent for in vitro studies. It
is a highly cross-linked sucrose/epichlorohydrin copolymer that
behaves like a semirigid sphere; it is chemically inert and not
found to interact with proteins (15-20). The unfolding transi-
tions detected by CD and fluorescence for VISE are identical,
and all reactions are reversible, corresponding to a two-state
reaction. There is a shift in the transition midpoint to higher urea
concentrations, and the unfolding-free energy increases in mag-
nitude in the presence of Ficoll 70 (Table 1).

The mechanistic origin of the effects on stability was revealed
via dynamic folding/unfolding experiments as a function of urea.
All time-resolved reactions are best fit to single-exponential
decay functions and provide rate constants (kops), the reactions
are fully reversible, and there is no missing amplitude in the dead
time. Semilogarithmic plots of In ks versus [urea] are shown for
0 and 100 mg/ml Ficoll 70 in Fig. 1B. CD and fluorescence
detection give identical results at each condition and all derived
parameters agree with two-state behavior (Table 1). In the
presence of 100 mg/ml Ficoll 70, the folding speed in water is
3-fold faster than without Ficoll 70, whereas there is no effect on
the unfolding speed. A linear dependence of the logarithm of the
folding rate constants as a function of Ficoll amount was found
when folding was probed at 25 mg/ml increments between 0 and
100 mg/ml Ficoll 70 (Fig. 1C).

The in vitro VISE kinetics are in excellent agreement with
theoretical predictions based on the small WW domain peptide
(7), where the folding kinetics for the WW domain was predicted
to increase up to 3-fold after the inclusion of noninteracting
spheres as crowding agents, yet unfolding speed was not affected
(7). It is suggested that, because in a cell-like, colloidal solution
with high-volume fraction (¢.) of crowding agents, depletion-
induced attractions (21) produce compact protein structures;
thus, unfolded states are destabilized and folding rates are
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In vitro effects of crowding on VIsE structure and folding. (A) Urea-induced unfolding of VIsE in 0 (filled circles), 50 (open squares), and 100 (open circles)

mg/ml Ficoll 70. (B) Semilogarithmic plot of In kops for VISE unfolding/refolding as a function of urea in the presence of 0 (filled circles) and 100 (open circles) mg/ml

Ficoll 70. (C) In kobs versus Ficoll 70 (25 mg/ml increments, 0-100 mg/ml) for denat

urant jumps to three specific conditions: 0.6 M urea (filled circles), 2.2 M urea

(open squares) and 0.9 M urea (filled squares). (D) Far-UV CD spectra of folded (in buffer) and unfolded (in 2 M urea) VIsE (pH 7, 20°C) in 0 (solid trace), 50 (dashed
trace) and 100 (dotted trace) mg/ml Ficoll 70. (E) CD spectra of VIsE in 300 mg/ml Ficoll 70 as a function of urea (from 0 to 2.6 M urea). (F) Resulting CD spectra

upon refolding attempts of VIsE unfolded in 2 M urea without Ficoll 70 into buffer

enhanced. Our in vitro data presented here on a much larger
protein (341 residues versus 34) validates this prediction. The
observation of similar transition-state placements with and
without Ficoll 70 (Table 1, Bt values) supports that the folding
path is not altered by this level of crowding agents.

Structural Content of Thermodynamic States of VISE Depends on
Crowding and Denaturant. There is an increase of helical secondary
structure in the presence of increasing levels of Ficoll 70 in the
absence of denaturant. This increase is illustrated in Fig. 1D, where
the effects of up to 100 mg/ml Ficoll 70 on the far-UV CD signal
of folded VISE are shown. We reported earlier that the helical
content in VISE increases from 50% (as in crystal) to 80% upon
inclusion of 400 mg/ml Ficoll 70 (22). In support of a nonspecific
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s containing various amounts of Ficoll 70 at >250 mg/ml (indicated in legend).

excluded volume effect, similar changes were found with dextran
and PEG (22), but there was no increase in VISE’s secondary
structure upon addition of high amounts of sucrose [i.e., the
monomer unit of Ficoll (data not shown)] or glycerol (22).

A nonnative VIsE species with B-structure is populated at high
levels of Ficoll 70 in the presence of urea but not at high levels
of Ficoll 70 in the presence of buffer. Urea-induced unfolding
experiments of VISE in Ficoll 70 of 200 mg/ml or more show that
the reactions are no longer folded-to-unfolded reactions; in-
stead, the final state is better described as a “structured non-
native state” (Fig. 1E). The CD spectrum of this species has a
negative peak near 225 nm, which reflects various B-structures
(23). The same process takes place in thermal experiments with
VISE in the presence of =200 mg/ml Ficoll 70; based on CD
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Table 1. Summary of in vitro effects of Ficoll 70 on VIsE folding

Condition [Urea]uz, M AGu(Hzo), kJ/mol Meq, kJ/mol-M kF(Hzo), s 1 ku(HzO), s—1 mg + my, kJ/mol-M BT AGK|N, kJ/mol
Buffer 1.10 = 0.04 24 = 2 22 =1 7=*1 26 X 107> 22 =1 0.47 25+ 2
Ficoll 70

50 mg/ml 1.17 = 0.03 26 =3 22 +3 — — — — —

100 mg/ml 1.20 = 0.04 29 =1 24 + 4 20 =3 20 X 107> 231 0.49 29 £ 2

Equilibrium [[urea]/z, AGy(H20), and meg] and kinetic [k¢(H20), ky(H20), and mg + my] parameters for VISE urea-induced unfolding/refolding (pH 7, 20°C) and
thermal unfolding (pH 7, no urea) as a function of crowding agent Ficoll 70. Parameters were obtained from two-state fits to the equilibrium and kinetic data.
AGkin(H20) was calculated as RTIn[kg(H,0)/ky(H20)], and Tanford B values (B1) was calculated as mg/(mg + my). —, not applicable.

spectra, the folded structure converts to the B-rich species at high
temperatures (data not shown). Interestingly, when refolding of
VISE denatured in buffer with 2 M urea (no Ficoll 70) was
triggered by dilutions into buffer solutions containing increasing
amounts of Ficoll 70, the nonnative B-rich structures were
detected for refolding conditions, including =250 mg/ml Ficoll
70 (Fig. 1F).

In Silico Analysis of Crowding-Induced Structural Changes in VIsE. To
explain the physics behind the macromolecular crowding effects
that account for the in vitro observed structural changes in VISE,
we used a statistical physics approach of the energy landscape
theory (24, 25) and aided by molecular simulations. To model
VIsE from the crystal structure (11), we used a low-resolution
(26, 27) protein representation in which all nonbonded interac-
tions are considered and depend on sequence details. Ficoll 70
is modeled as a hard sphere (28) and provides nonspecific
(hard-core repulsive) interactions in the molecular simulations
[Materials and Methods and supporting information (SI) Text].

To analyze the structural properties of populated states in the
simulated ensemble, the overlap function (x), a microscopic
measure of the similarity to the crystal structure (xy = 0 for being
similar; otherwise, x = 1) (11), and the radius of gyration (Ry)
are used to characterize the energy landscape of VISE (Fig. 2).
We also use the shape (S) and asphericity (A) parameters to
distinguish substantial changes in overall geometry of VISE
among those populated states (S = A = 0 is a sphere, A > 0 is
aspherical, § > 0 is a prolate ellipsoid, and S < 0 is an oblate
ellipsoid; see Materials and Methods for details). At low tem-
perature (kgT/e = 1) in bulk, the shape of the dominant VISE
ensemble conformations (0.00 < y < 0.10 and 19.00 < R, <
21.00 A; labeled “C” in Fig. 24) resemble a football (S = 0. 34 *
0.00; A = 0.31 = 0.00). Second to the C state are ensemble
conformations (0.13 < x < 0.18 and 18.00 < R, < 21.00 A
labeled “B” in Fig. 2A4) similar to a bent bean (S = 0.14 = 0.00;
A = 0.17 = 0.00). The ensemble conformations of the least
populated state (0.20 < x < 0.30 and 18.00 < R, < 19.30 A,
labeled “X” in Fig. 2A4) are spherical (§ = 0.02 + 0.00; A =
0.02 = 0.00) and most divergent from the crystal structure. At
the highest temperature (kgT/e = 1.47), only unfolded states
(labeled “U” in Fig. 2C) are populated. Analysis of the unfolded
state ensembles at kg7/e = 1.47 in presence and absence of 25%
crowders reveals, as expected, a shift in the distribution of R,
values toward more compact structures when crowding agents
are present (Fig. S1).

Analysis of VISE States Found on Computational Free Energy Land-
scape. Two-dimensional, free-energy diagrams for VISE as a
function of y and R, at three different temperatures (7) and ¢.
of 0% (bulk), 15%, and 25% are shown in Fig. 2. At the lowest
T (kgT/e = 1), ¢ stabilizes the C state. At a somewhat elevated
T (kgT/e = 1.13 for bulk and 15%; kgT/e = 1.2 for 25% of
crowders; a complete set of data for kgT/e of 1.13 and 1.2 is
shown in Fig. S2), the population of the bean-like conformations
starts to dominate over the football-like state. To reveal where
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in VISE changes occurs in the bean structure, we computed the
number of nonnative excess helical contacts, H,, by using
difference contact maps derived from the coarse-grained en-
semble structures. H,, is defined as the number of residues that
form [nonnative] helical contacts in the bean structure not found
in the crystal structure ensemble of VISE. H,, for the bean
structure at ¢. = 15% and kgT/e = 1.13 is 32, which corresponds
to an increase of helical structure of ~30% (113 helical contacts
in the C state and 145 helical contacts in the B state). In Fig. 34,
these 32 residues obtaining helical contacts in the in silico bean
structure are indicated by using the crystal structure as the
template. (For visualization purposes, a ribbon diagram of an
arbitrarily chosen reconstructed all-atom structure of the B state
with projections of the new helical contacts is provided in Fig.
S3.) The new helical interactions in the B state are found in loop
regions and in the end of helices. This analysis provides a
structural prediction where increased helicity in VISE is occur-
ring in vitro and perhaps in vivo in low levels of crowding.

The appearance of excess nonnative helical contacts in the
presence of crowding agents in both in vitro and in silico studies

Bulk Oe=15%
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kTie=1

k,T/e=1

16 18 20 22 24 2 16 18 20 22 24 26 16 18 20 22 24 2
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Fig.2. Free-energy landscape for VIsE as a function of Tand crowding level.
Free-energy diagram as a function of the radius of gyration Ry and the overlap
function (x) for . = 0% (bulk), 15%, 25% at various temperatures expressed
in kgT/e. x measures the deviation of structural similarity to the crystal (PDB ID
code 1L8W); 0 means same as crystal. The color is scaled by kg T where kg is the
Boltzmann’s constant and ¢ is 0.6 kcal/mol. The native football-shaped species
is labeled C (based on 1L8W with the omitted loop inserted), the bean
structure is labeled B, the spherical state is named X, and the unfolded state
is indicated by U. Note the different x axis scale in C, F, and / versus in A, B, D,
E, G, and H.
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T or [denaturant]

Fig. 3. Different nonnative structures induced by crowding and perturba-
tions. (A) Nonnative excess helical contents, H,n, are shown in red for the in
silico bean structure at ¢ = 15% and kgT/e = 1.13, with the crystal structure
as a structural template. (B) A schematic phase diagram of VIsE conformations
inthe ¢~T (or urea) plane that agrees with both in vitro and in silico data. The
solvent-accessible surface area of VISE is in white and the antigenic IRg se-
quence is in green for all configurations. We use the same annotations as we
didinFig. 2 forthe C, B, X, and U states. (C) Surface model of a high-resolution,
all-atom reconstruction of the spherical state of VIsE, with the antigenic
region IRg, residues 272-299, highlighted in green. The surface exposure of IRg
in this reconstructed structure is 41%.

was not the case in our recent report on macromolecular
crowding effects on the native-state structural content of another
protein, apoflavodoxin (28). Instead, in the presence of crowding
agents, this protein became more compact and the structural
content increased toward that found in the crystal structure. We
argue that because apoflavodoxin is a spherical protein, no
dramatic shape changes were observed in response to the
isotropic forces generated by crowding. Because VISE has an
elongated shape, the depletion-induced attractions due to mac-
romolecular crowding are able to promote more dramatic shape
changes to reach the most favorable states.

When T is further increased (kgT/e = 1.2) and high ¢ is
reached (¢ = 25%), the spherical X state becomes most
populated (Fig. 2H). This species is formed by “breaking” the
bean-like structure in the middle; thereby, both of the pointy
ends of the protein are brought inwards, resulting in a compact
spherical structure. Contact maps of the differences between the
football (C state) and the bean (B state) and between the football
and the spherical (X state) VISE structures in terms of both
native and nonnative interactions reveal that, whereas the B state
gains nonnative helical content (as discussed above), the spher-
ical X state has lost native helical interactions and instead has
attained more nonnative interactions that appear to correspond
to B-strand contacts (Fig. S4). A reconstructed high-resolution
ribbon model of the X state is shown in Fig. S4, with the residues
predicted to adopt B-strand contacts indicated. Upon comparing
the helical and B-strand contents in the ensemble-averaged
coarse-grained structures of the B and X states, we find that the
helical content is reduced by a factor of ~4 when going from B
to X (from 145 to 36 predicted helical contacts), whereas 69 new
B-strand contacts appear in the X state.

Homouz et al.

Correlation Between in Vitro and in Silico Observations. Remarkably,
the in vitro behavior agrees with the computed free-energy
landscape for VISE; this concurrence may validate the underlying
physics of the observed effects. We reasoned that T in the
simulations and [urea] in the in vitro experiments represents
similar factors that nonspecifically destabilize VISE. In several
cases, chemical and thermal perturbation mechanisms of a
protein are similar (29, 30). Heating experiments demonstrated
this similarity to be true for VISE; at high temperature and in
urea in the presence of large amounts of Ficoll 70, a nonnative
structure forms that contains B-like structure. In Fig. 3B, we
provide a phase diagram for VISE conformations (i.e., football,
C; bean, B; sphere, X; and unfolded, U) in ¢~T (or urea) space
that agrees with both computational and experimental results.
Similar to a recent speculation on the complex behavior of helix
formation in cell-like environments (31), the richness of our
phase diagram is likely caused by the competition of ¢. and T (or
[urea]). ¢. induces intramolecular attractions and the latter is
inversely proportional to protein stability. Due to these com-
peting factors, the critical region for structural changes becomes
narrow.

Shape Changes in VISE May Relate to Its Function. When VISE is
attached to the intact B. burgdorferi spirochete, the dominant
antigenic region IR is cryptic. Still, antibodies from infected
serum samples are able to recognize IR in vivo (14, 32).
Although the IR segment is hidden in the crystal structure (13%
exposure to solvent), remarkably we find that this stretch is
flanked out of the variable regions upon shape changes and
becomes surface-exposed in the spherical X state of VISE. Using
the reconstructed high-resolution, all-atomistic model of X, we
computed the accessible solvent area of the IR¢ region to be
31.7 * 1.3% with standard deviation of 5.9% (Fig. 3C). Analysis
of 20 randomly selected snapshots of the X state reveals that the
IR surface exposure range between 23% and 45% in these
structures. Upon the release of VISE into the host, the crowded
milieu may trigger shape changes (mixture of B and X confor-
mations) allowing for IRs exposure, which explains why lym-
phocyte receptors can access this region in vivo and trigger
antibody generation in Lyme disease patients (14, 32).

Conclusions

The crowded environment in cells is predicted to affect folding
and binding reactions of proteins due to excluded volume effects
(4, 5, 33-36). Our discovery of high plasticity of an aspherical
protein at crowded conditions in vitro and in silico implies that
in vivo protein shape changes may easily occur depending on the
environment. Shape changes are one way nature controls protein
function, much like different facets can be exposed in an origami
“cootie catcher.” We speculate that it may be possible to develop
“targeted crowding” as a precise tool to manipulate protein
conformations in situ to turn on or off, as desired, specific
activities and signaling cascades.

Materials and Methods

In Vitro Experiments. VIsE was prepared as previously described (12). Far-UV CD
(model J810 CD spectrometer; Jasco) was measured in a 1-mm cell, fluores-
cence (Eclipse fluorescence spectrophotometer; Varian) was measured in a
1-cm cell with excitation at 280 nm, and stopped-flow mixing experiments
were executed (Pi-Star; Applied Photophysics) in far-UV CD and emission
modes. Buffer was 20 mM phosphate, pH 7, at 20°C; final protein concentra-
tion was most often 10 uM. Urea concentrations were measured by refractive
index. The equilibrium unfolding data as a function of Ficoll 70 was fit to
two-state equations to reveal AGy(H,0) and m values. For kinetics, VISE was
first denatured in urea [+=100 mg/ml Ficoll 70] and equilibrated for 16 h. For
both refolding and unfolding, VIsE samples were mixed with solutions (with
the same amount of Ficoll 70 as at the start) containing appropriate amounts
of urea/buffer to trigger refolding or unfolding. VISE heating experiments
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were detected by far-UV CD in 0, 100, 200, 300, and 400 mg/ml Ficoll 70 using
a scan rate of 1 deg/min.

In Silico Work. A coarse-grained model of VISE was constructed with a C,
side-chain model (SCM) (26, 27). Ficoll 70 is modeled as hard spheres that
provide nonspecific repulsive interactions in the simulations. The thermody-
namic properties of VIsE in bulk and in crowded environments (volume
fractions, ¢, of 0%, 15%, and 25%) were studied by molecular simulations in
which the Langevin dynamics equation of motion at a low friction limit is used
(37). Methods for preparation of equilibrated boxes of crowders and protein
can be found in previous studies (7, 28). For an enhancement of sampling
efficiency, the replica exchange method (38, 39) that simultaneously incorpo-
rates molecular simulations on 22 different temperatures (0.83 < kgT/e < 1.53)
is used. Each replica generates ~20,000 conformations for data to converge.
Thermodynamic properties were analyzed by the weighted histogram anal-
ysis method (40, 41).

Coarse-Grained Model of VISE. The sequence between residues 92 and 113 that
defines the loop region of a VIsE [Protein Data Bank (PDB) ID code 1L8W] lacks
structure, and the coordinates are omitted from the PDB. This loop region was
inserted to the protein and energetically minimized under a CHARMM force
field (42, 43) with the Insight Il package (Accelrys). This structure was used to
generate the coarse-grained model of VIsE. In this model, one bead is taken
from the C, position and the other is justified by the center of mass of a side
chain. The potential energy of this system is E, + Ecc + Epe, where Ep, Ec, and
Eoc are the potential energies of the protein, interactions between crowding
agents, and interactions between the protein and crowding agents, respec-
tively. The potential energy of the protein is £, = Es + Enonbonded- The structural
energy, Es, is the sum of the bond-length potential, the bond-angle potential,
the dihedral potential, and the chiral potential (see S/ Text for details) (26, 44),
and the equilibrium values for each term are taken from the native structure
of VIsE. As for the inserted loop, we kept all of the terms in E; except the
dihedral potential to capture the physics of a flexible loop. The nonbonded
term, Enonbonded, includes the side chain-side chain interaction (Ess), the side
chain-backbone interaction (Es,), and the backbone-backbone interaction
(Ebb). Solvent-mediated interaction between pairs of side chains, ¢, is based
on the Betancourt-Thirumalai statistical potential (45). This statistical poten-
tial addresses sequence variations where the reference interaction, ¢ = 0.6
kcal/mol, is based on the Thr-Thr pairwise interactions. Es of two interacting
side chains, i and j, that include both native and nonnative pairs at a distance

r follows
- Uij 12 O'['I' 6
Ets{s = &j -2\ — > [1]
rij rij

where oj; = f(g; + 0j) and o;and oj are the van der Waals (vdW) radii of the side
chains. To avoid clashes between bulky side chains, f = 0.9.

Epb is the multiplication of a Lennard-Jones term similar to Eg. 1 and an
angular term, A(p), that assesses major secondary structures (see S/ Text for
details). p is the pseudodihedral angle that defines the alignment of a pair of
interacting backbone hydrogen bonds by four C, beads (26). Repulsive inter-
actions are used for Ep,, Ec, and Epc. The repulsive potential between two
particles i and j at a distance r;; follows

o\ 12
EV = e(—”) , [2]

T
where o = 0j + gj; o7and gjare vdW radii of interacting beads. £ = 0.6 kcal/mol.

Asphericity and Shape Parameters. To determine the shape of a given state, we
use two rotationally invariant quantities: shape parameter, S, and asphericity
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